We report on an experimental study of slow pulse propagation and polarization storage of light in an atomic vapour for pulse durations ranging from several µs to 100 µs, for non-zero magnetic fields, for temperatures ranging from 65 to 90
Introduction
The resonant interaction of light with three-level -type atoms has attracted considerable attention in recent years. Due to the dramatic variation of the index of refraction of the atomic vapour close to resonance, many interesting effects occur [1] [2] [3] [4] [5] [6] [7] [8] [9] . Important examples are electromagnetically induced transparency (EIT) [1] and ultra slow propagation of light [2, 6] . The EIT effect and the low group velocity of a pulse of light have both been studied thoroughly. With the combination of these two techniques, certain properties of the light pulse can be stored with modest absorption in the atomic ensemble, as has been demonstrated recently [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Other storage media [20, 21] and schemes not relying on a -type atoms [22, 23] are also being explored.
In the field of quantum information, the light storage technique may provide a feasible way to realize a quantum memory for photons [15] , high-efficiency photon counting [24] and probe ultra cold gasses [25, 26] . In the field of classical optics, the light slowing and storage techniques may lead to new types of delay lines [21] , and ultra-sensitive Sagnac interferometers [27] . There are a large number of experimental parameters that affect storage of light. In a previous study [18] we explored the dependence on light polarization and showed that all polarizations can be stored with high fidelity. The purpose of this paper is to study the experimental parameters that are readily accessible and provide useful information for researchers starting to build a light slowing/storage apparatus. The parameters studied in this paper are signal pulse duration, magnetic field strength, temperature and isotope.
Recent theoretical studies show [10, 15] that the spectral width of the pulse should be contained within the EIT transparency window to avoid loss and dissipation. This is known as the adiabatic condition. If the pulse is too short then the response of the atomic system should not setup EIT within the signal pulse duration. By reducing the light pulse duration, the frequency width of the pulse can be made increasingly larger than the EIT transparency window. We study how much dissipation occurs, and how the light storage is affected. In section 4.1 we report on the observation of storage of light for pulse durations of several µs to 100 µs, including pulse durations that do not satisfy the adiabatic condition.
The external magnetic field can directly change the atomic EIT properties. On the other hand, nonlinear magneto-optic rotation (NMOR) can also occur in the resonant interaction of light with atoms in a -type atomic structure. NMOR is an optical rotation effect and can be used in high-precision laser spectroscopy and magnetometry [5] [6] [7] [8] [9] . Typically, optical rotation is studied that is caused by an atomic system in the steady state. However, in storage experiments the laser is switched and leads the time-dependent optical rotation effects. It is important in this study to distinguish the time-dependent optical rotation effects from the light storage itself. This means that observing a time-dependent signal with the two peaks that look like the typical pre-storage and post-storage pulse, does not necessarily mean that storage has been observed. The act of switching on the control laser can produce a peak that looks like a post-storage signal, even in the absence of a signal pulse. For linear polarization it is not easy to distinguish the light storage from the optical rotation when an ambient magnetic field is present. In section 4.2 we report on our finding that optical rotation occurs at the time when the control light switches on again, which results in a nontrivial storage signal. To avoid this, good magnetic shielding (within 2 mG) is necessary.
The EIT depends on the atomic density. At low Rb cell temperatures the smaller atomic density makes the EIT signal too weak to be detected. At high Rb cell temperatures the absorption of the laser pulse is too strong to allow a signal to be observed. In section 4.3 we report on our finding that the working temperature ranges from 65-90
• C. We also show that the atomic density governs the width of the EIT transparency window.
Finally, by comparing light storage for the 87 Rb isotope to storage in the 85 Rb isotope, one might expect a stronger signal, since the 85 Rb isotope is more abundant than the 87 Rb isotope. In section 4.4 we demonstrate storage in 85 Rb, but find that it is typically weaker than storage for the 87 Rb isotope. We have organized the numbering of our figures in groups. Pulse width effects (section 4.1) are shown in figure 2, magnetic field effects (section 4.2) are shown in figure 3, temperaturedependent effects (section 4.3) are shown in figure 4 , and the isotope dependent effect is given in figure 5 . All figures numbers 2, 3, 4(a) refer to light slowing, while figures 2, 3, 4(b) refer to light storage.
Experimental setup
The schematical experimental setup is shown in figure 1 , and is similar to other recent light storage experiments [12, [16] [17] [18] . Throughout this study we used linearly polarized light, unless otherwise indicated. An external cavity diode laser with a bandwidth of less than 300 kHz is used as the linearly polarized light source. An acoustic-optical modulator (AOM) and iris allow for rapid switching of this source. The linear polarization can be slightly rotated by a fast Pockel's cell (∼100 ns) to create a weak pulse. As usual this will be called the signal field. The polarization of the signal field is perpendicular to that of the remaining light, which serves as the control field. Linearly polarized light couples the ground states, to the excited states. Our Rb cell is 4 cm long, 2 cm in diameter and contains about 5 Torr of helium buffer gas. A solenoid is placed around the Rb cell to precisely control the static magnetic field along the propagation direction of the laser beam. The solenoid is enclosed within double layered magnetic shielding to insure long lifetimes of the atomic Zeeman coherence. The atomic density can be varied by an Aerobiax heater cable, which is wrapped around the magnetic shielding. A polarizing beam splitter and two photodiodes, indicated with PBS and PD1/PD2 in figure 1 , comprise the detection system. The PBS separates the control and signal fields after the light has passed the Rb cell, to be detected at the two photodiodes. To create the EIT effect, the laser frequency is adjusted to the D1 transition for 87 Rb (λ = 794.987 nm), i.e., 5S 1/2 , F = 2 → 5P 1/2 , F = 1, which is checked by observing the fluorescence and absorption spectrum. Alternatively, the laser is adjusted to the D1 transition for 85 Rb (λ = 794.984 nm), i.e., 5S 1/2 , F = 3 → 5P 1/2 , F = 2. The laser beam diameter is about ∼5 mm with an output power of ∼8 mW (2.5 mW incident on the cell). The level scheme of the transitions involved is complex. When using circularly polarized light, the atoms are optically pumped into the highest magnetic substate. This justifies the use of simplified three state -type level structure. However, for the linearly polarized case we do not have this luxury. All magnetic substates of the Rb ground state are populated.
Theoretical considerations
First we give the general framework in which our experimental results can be understood. It will turn out that the simplified -type structure is still sufficient to understand some qualitative trends in the experimental data, even though the light is linearly polarized. We may think of the linearly polarized light as two orthogonal circularly polarized components. This motivates the choice of using the usual -type structure to analyse this system. A more complete analysis including more states is beyond the scope of this paper. Complete level schemes including their coupling for circularly and linearly polarized light are beautifully described in [28] . More detailed theoretical studies on light propagation and storage in three-level systems can be found in [15, 29, 30] . Typically, the susceptibility, χ , for a resonant laser field propagating through an ideal, homogeneous EIT medium can be expressed as [3, 15] ,
where κ = 3Nλ 3 /8π 2 is a constant, λ is the resonant laser wavelength, γ is the radiative decay rate of the excited state to the ground state, is the Rabi frequency and δ = ω − ω 0 is the laser detuning. The dispersion relation for light propagating in such a medium, (kc/ω) 2 = 1 + χ , can be found by substituting plane waves into the wave equation. This can be reduced to
for small values of the susceptibility near resonance. Here, ω and k are the laser frequency and wave number, and c is the speed of light in vacuum. Generally, the susceptibility is divided into real and imaginary parts: χ = χ + iχ . For the real part, the index of refraction, n, is given by n = 1 + χ /2. For the imaginary part, the absorption coefficient, α, is given by α = ωχ /2c. After the light pulse propagates through the atomic vapour cell of length L, the intensity of the pulse is attenuated by a factor of e (−2αL) , which as a function of frequency gives the usual EIT transmission profile. In Lukin and Fleischhauer's paper [3, 15] , the EIT transparency window is given by
The group velocity is defined as, v g = ∂ω/∂k. Differentiating equation (2) with respect to ω and assuming that χ ω∂ χ /∂ω gives; v g = c/(1 + ω/2 · ∂χ /∂ω). The approximation is justified by equation (1) near resonance. After the light pulse propagates through the atomic vapour cell of length L, its envelope is delayed compared to free space propagation by a time
Optical rotation can be understood by considering the two orthogonal circularly polarized components of a linearly polarized beam. The two components couple the two atomic lower states to the upper state in a -type atom. Consider the case where the excited state has m = 0 and two ground states have m = ±1. In the presence of a magnetic field, B, along the light propagation direction, the Zeeman effect gives a frequency shift ±µ B B/h to the two ground states, where µ B is the Bohr magneton. Thus the two circularly polarized fields experience two different indices of refraction and optical rotation occurs. The rotation angle, θ , can be defined as [31] 
, where ω ± = ω 0 ± µ B B/h and ω 0 is the resonant angular frequency.
Results and discussion

Pulse duration
We first performed the experiment of slow light propagation and storage of light for different signal pulse durations. The results are shown in figures 2(a) and (b), respectively. We emphasize that two experimental situations are considered. In the slowing experiment (where the signal pulse is delayed due to propagation through the Rb cell) the control field is always present, while in the storage experiment the control field is switched off and on. In the slowing experiment, the reference signal pulse duration ( pulse ) and the reference pulse maximum intensity (I ref ) are measured off-resonance, and essentially propagate without interacting with the Rb atoms. The signal pulse duration, pulse , and the signal maximum intensity, I , are measured on-resonance. Both the off-resonance and on-resonance measurements are done with the same laser beam; there is no separate reference beam. From figure 2(a) (open circles) , we find that the signal pulse becomes relatively broader at short pulse durations. In addition, the maximum intensity of the signal pulse decreases as the signal pulse becomes broader. This is attributed to increased absorption (squares). The broadening effect is nearly eliminated for pulses longer than 30 µs duration, while the light intensity still increases slightly with the pulse duration. The inset of figure 2(a) shows the relation of the signal pulse delay time to the pulse duration. It is found that the delay increases with pulse duration and saturates after the characteristic time of 30 µs. We also found that this characteristic time increases with higher temperatures.
In the light storage experiment, the time sequence of the control and signal fields is the same as in [12] with a storage time of 130 µs. Light storage efficiency (η) is calculated as the ratio of the maximum light intensity between post-and pre-storage (or output and input) after subtracting the leakage from the control beam. The light storage efficiency increases with pulse durations ( figure 2(b) ).
The above observations are consistent with the following conceptual ideas. Increasing the time duration of the signal pulse leads to a decreasing spectral pulse width. Starting with a very short pulse would mean that the spectral pulse width exceeds the EIT window and the size of the output pulse is very small. The time duration of the output pulse is limited by the Fourier transform of the EIT window. Conversely, when the time duration of the signal pulse becomes very long, its spectral width is much narrower than the EIT window (equation (3)). Consequently the pulse is fully transmitted without broadening.
In our experiment, the incident laser power on our Rb cell is 2.5 mW, while 0.25 mW exits after passing through the cell. The laser beam has a 5 mm beam diameter. The Rabi frequency ( = I γ 2 /2I s ), associated with these laser beam powers is estimated to be about 12 MHz and 3.8 MHz, respectively. Here, I is the laser intensity, and I s = 1.6 mW cm −2 is the Rb saturation intensity. The predicted transparency window (equation (3)) is thus bounded by 300 kHz and 30 kHz. The experimental data are fitted to the Fourier transform of the product of a Gaussian pulse, G(ω), and the EIT transmission profile, T (ω) ( figure 2(a) , solid line). The Gaussian G(ω) is the Fourier transform of a Gaussian pulse in the time domain with a width of pulse ( figure 2(a) ). The EIT transmission profile is described in the theory section, and an example of its typical shape is given in figure 3(aiii) . The fit gives a transparency window of 50 kHz width. This is within the expected range. The same calculation (assuming an EIT transmission of about 70% [12] ) also gives the maximum output intensity ( figure 2(a), dashed line) . Because the spectral distribution of the signal pulse G(ω) is wider than the width of the transmission profile T (ω) (i.e. the transparency window), the transmitted intensity decreases for shorter pulses ( figure 2(a), squares) . We would expect that the intensity would exponentially increase with the same time constant as the pulse width exponentially decreased. However, we find that the intensity still increases after the pulse broadening effect stops. This may be due to optical rotation at small but non-zero magnetic fields (<2 mG, our detector resolution). This suggestion is supported by our observation of even larger light intensities when we increase the magnetic field (∼5 mG, filled squares in figure 2(a) ). We also find that the temporal delay increases with the pulse durations until the pulse spectral width matches the EIT window (inset of figure 2(a) ). For the light storage experiment, a similar effect may cause the observed storage efficiency to increase (figure 2(b)) with pulse duration.
Magnetic field
When a magnetic field is applied along the laser propagation direction, the slow light intensity, I s-slow , shows a dispersion curve as a function of the magnetic field ( figure 3(aii) , filled squares), while the storage signal, I s-store , shows three peaks ( figure 3(bi) filled squares) . The pulse delay is maximum around zero magnetic field ( figure 3(aiii) , left). When we do not send a signal pulse, but only look at the control light, we see the effect of optical rotation. The intensity in our signal detector due to optical rotation of the control field, I c-rotate , is given when the control light is continuously on and reached steady state ( figure 3(ai) , open squares). For the steady state the optical rotation signal shows a nice symmetric structure with respect to zero magnetic field. The intensity in our signal detector due to optical rotation of the control field, I c-rotate , is also given at the time when the control light turns on again ( figure 3(bi) , open squares). In this case, the optical rotation signal shows four peaks. This means that at non-zero magnetic fields, signals are generated that look like storage signals in the absence of a signal pulse ( figure 3(bii) ).
Increasing the magnitude of the magnetic field leads to less EIT [12] and more optical rotation ( figure 3(ai) ). Steady state optical rotation has been extensively studied before (see, e.g., [7, 8] ). Our steady state optical rotation data show a symmetric structure with respect to zero magnetic field ( figure 3(ai) , open squares). The polarization direction of the detector system is chosen orthogonal to the electric field vector of the control light. Optical rotation of this electric field vector ( θ ) into the direction of the detector explains the symmetry around zero magnetic field (inset of figure 3(ai) ). The solid line is obtained from a density matrix calculation for a three level atomic -system. The calculated optical rotation can be obtained by relating the density matrix coherences to the indices of refraction as experienced by the circular light components of the control light. The small asymmetry in the calculation is obtained by using a slightly different light intensity for σ + and σ − . When orthogonal linearly polarized signal light is present, the optical rotation causes the detected signal to be asymmetric with respect to zero magnetic field as is shown in figure 3 (aii) (filled squares). In the case that circularly polarized light is used, a symmetric profile can be observed. The inset of figure 3(aii) illustrates the observed asymmetry for linear polarization. Signal light is generated by optical rotation of the control light in Pockel's cell. Optical rotation due to the Rb vapour ( θ ) towards the detector direction increases the signal, and vice versa. This feature is also obtained from our model calculation ( figure 3(aii), solid line) .
We find that the delay of the signal pulse shows a sharp peak at zero magnetic field ( figure 3(aiii), left) . This peak is similar to the usual EIT absorption profile for circularly polarized light ( figure 3(aiii), right) . In the theory section the time delay is given by
, while the transmitted intensity is given by e (−2ωχ /2cL) . A straightforward functional analysis of the real part χ and imaginary part χ of the susceptibility, χ (equation (1)), shows that both the delay time and the transmitted intensity should exhibit a simple peak structure. In this sense the similar peak structures shown in figure 3(aiii) on the left and right can be understood by realizing that the EIT absorption rate is proportional to χ , while the time delay is proportional to ∂χ /∂ω.
Unlike the steady state case, the optical rotation shows some different features when the control light turns on again. A time spectrum shows a peak ( figure 3(bii) ), which we will refer to as switch-induced-optical rotation (SIR). As a function of magnetic field this SIR gives four peaks in our experiment ( figure 3(bi) , open squares). This result can again be simulated qualitatively from our model (inset of figure 3(bi) ). Subtracting the SIR from the regenerated storage signal yields three peaks. These three peaks are due to the storage signal and steady state optical rotation signal. Since SIR affects the storage signal dramatically, one should be very careful when interpreting light storage in the presence of a magnetic field. Further theoretical analysis shows that SIR is sensitive to the experimental conditions, such as atomic density, light intensity, light polarization and spin decoherence time, etc. Even the qualitative features such as the number of peaks is sensitively dependent on these experimental parameters. This situation is different for the case of circular polarization. Then optical rotation does not play a role, which results in clean storage signals.
Atomic density
The effect of different atomic densities on light slowing and storage are shown in figures 4(a) and (b). The total atomic density (with abundances for 85 Rb of 72% and for 87 Rb of 28%) is estimated from the cell temperature by using Killian's (semi-empirical) formula [32] ,
where N and T are the atomic density (cm −3 ) and cell temperature (K), respectively. For the slowing experiment an increased pulse delay is observed for higher atomic densities ( figure 4(a) ). The inset of figure 4(a) shows the pulse broadening effect for several temperatures. For the light storage experiment the efficiency increases for higher atomic densities ( figure 4(b) ).
The increased time delay of the slowed signal pulse with atomic density is expected because the expression for T g is proportional to the atomic density. The slowed pulse becomes broader and smaller because, for fixed pulse duration, as the atomic density increases, the EIT transparency window becomes narrower [3, 15] . Conversely, larger pulse delays in the storage experiment lead to larger stored signals ( figure 4(b) ). For the highest atomic densities the storage efficiency decreases. This is possibly due to enhanced absorption from nearby hyperfine levels. 
Isotope
So far, all the above experiments are done for the 87 Rb isotope. Can storage be achieved for the 85 Rb isotope? For this purpose we adjust our laser frequency to λ = 794.984 nm, i.e., the 5S 1/2 , F = 3 → 5P 1/2 , F = 2 transition for 85 Rb. The hyperfine structure is similar to that of 87 Rb. By choosing the operating temperature a little lower than that used for 87 Rb, we find the light storage signal for 85 Rb, shown in figure 5 . The particular storage time spectrum shown is taken at a laser frequency −400 MHz detuned from resonance. As a function of detuning, we find that the maximum storage efficiency is usually lower than the storage efficiency for 87 Rb (inset of figure 5 ). Furthermore storage is only observed in a somewhat limited temperature range (60-75
• C). The behaviour of the storage efficiency as a function of detuning is quite different for 85 Rb (inset of figure 5 ). We cannot explain the different behaviour, but we suspect that this is related to the details of the hyperfine structure.
Conclusion
In summary, we have experimentally studied resonant light pulse propagation and storage in a warm Rb atomic vapour for different experimental parameters. We find that the light storage signal still exists at very small pulse duration (several µs in our experimental case). However, the slowing signal pulse becomes broad and small. To avoid this effect, the signal spectral bandwidth should be within the EIT transparency window, which we determined to be about 50 kHz in our experiment. The size of the EIT transparency window is found to depend on the vapour temperature. We have measured the magnetic field dependence of the slowing and storage signals. One might expect that requiring the Zeeman shifts to be within the EIT window places sufficiently strong criteria on the strength of the magnetic fields. However, we find that the magnetic fields have to be shielded even better to within ∼2 mG (2.8 KHz) to observe a clean light storage signal. The reason is that for linearly polarized light switchinduced-optical rotation (SIR) can mask the storage signal. Storage could be achieved in a temperature range of about 65-90
• C, which corresponds to the atomic density of 0.46 × 10 12 cm −3 to 3 × 10 12 cm −3 . For a temperature larger than 90
• C, the storage signal decreases due to the absorption. Finally, we demonstrate light storage for the 85 Rb isotope within the temperature range of 60-75
• C. It is our hope that the information provided will be of use to the construction of other slowing and storage of light experiments. The knowledge that storage works for 85 Rb provides the use of an alternative laser wavelength. The polarization, magnetic field, temperature and pulse duration-dependent studies, provide useful information concerning the selection of optical components, magnetic shielding, temperature control and electronic control.
